We explore the dynamics of a Bose gas following its quench to a strongly interacting regime near a Feshbach resonance. Within a self-consistent Bogoliubov analysis we find that after the initial condensate-quasiparticle Rabi oscillations, at long time scales the gas is characterized by a nonequilibrium steady-state momentum distribution function, with depletion, condensate density and contact that deviate strongly from their corresponding equilibrium values. These are in a qualitative agreement with recent experiments on 85 Rb by Makotyn, et al.[1]. Our analysis also suggests that for sufficiently deep quenches close to the resonance the nonequilibrium state undergoes a phase transition to a fully depleted state, characterized by a vanishing condensate density.
Fundamentally, such Bose gases become unstable upon approach to a FR (where two-particle scattering length a s diverges) due to a growth of the three-body loss rate, γ 3 ∝ n 2 a 4 s relative to the two-body scattering rate γ 2 ∝ n 4/3 a 2 s . On general grounds, in the limit of na s 1, these rates are expected and found [1] to saturate at an order of Fermi energy F = 2 k 2 F /2m (k F ≡ n 1/3 ), exhibiting universality akin to unitary Fermi gases [16] [17] [18] . However, as was recently discovered in 85 Rb [1] , quenches on the molecular (a s > 0) side of the resonance, even near the unitarity, the three-body rate appears to be more than an order of magnitude slower than the twobody rate (both proportional to Fermi energy, as expected), thereby opening up a window of time scales for metastable strongly-interacting nonequilibrium dynamics.
Stimulated by these experiments [1, 12, 14] and taking the aforementioned slowness of γ 3 γ 2 as an empirical fact, in this Letter we study the upper-branch effectively repulsive dynamics of a three-dimensional gas of strongly interacting bosonic atoms following a deep detuning quench close to the unitary point on the molecular side (a s > 0) of the FR. Before turning to the analysis, we present highlights of our results that show qualitative agreement with JILA experiments [1] and discuss limit of their validity.
Following a sudden shift in interaction from g 0 = 4πa 0 /m to g f = 4πa f /m (we take = 1 throughout) leaves the system in an excited state of the shifted Hamiltonian, H f that leads to a nontrivial dynamics associated with Rabi-like oscillations between an atomic condensate and Bogoliubov quasi-particles. Although such oscillations have indeed been seen in shallow quenches [12, 14] , they do not appear to have been observed in deep quenches to unitarity [1] . We find that oscillations at frequencies corresponding to different momenta k decohere on longer time scales, set by inverse of the Bogoliubov spectrum. We thus observe that momentum distribution function, n k (t) = 0 − |a † k (t)a k (t)|0 − approaches a steady state form at a time scale growing as ∼ 1/k 2 (∼ 1/k) for momenta larger (smaller) than coherence momentum, k ξ = 4πa f n. The full distribution function reaches a nonequilibrium steady state at the longest time scale R m/(g f n) set by the cloud size, R, beyond which it is characterized by a time-independent momentum distribution function illustrated in Fig.2 . Within our self-consistent Bogoliubov theory n k (t → ∞) ≡ n ∞ k never fully thermalizes, although is expected to on physical grounds if Bogoliubov quasi-particle collisions are arXiv:1308.6376v1 [cond-mat.quant-gas] 29 Aug 2013 taken into account. However, if this latter rate is significantly slower than the interaction energy (set by the chemical potential), we would expect our prediction for n k (t) (Fig.1) 
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to capture the nonequilibrium momentum distribution observed in JILA experiments [1] . In Eq.1ã f = 
f is the effective finite-density scattering length and n ∞ c ≡ n c (t → ∞) is the asymptotic steadystate value of the condensate density, n c (t Fig. 3 . After time set by m/(4πã f n) the depletion saturates at a nonequilibrium value, n ∞ d (k n a f ) (calculated below), that deviates significantly from the adiabatic depletion, i.e., the equilibrium value corresponding to the scattering length a f .
Finally, we find that for k F a f > k F a f c = 1.35, the asymptotic condensate density is driven to zero; this contrasts with the equilibrium state, where in 3d at T = 0 the gas is a BEC at arbitrary strong interactions, k F a s . Our analysis thus suggests [19] that for a sufficiently deep quench, the system undergoes a nonequilibrium phase transition to a non-BEC steady state. We conjecture that the nonequilibrium transition is set by the critical depth of the quench for which the associated excitation energy, We obtain these results using a self-consistent Bogoliubov theory, implemented in two steps. Firstly, to ensure that condensate fraction n c (t) remains positive (equivalently, the depletion n d (t) does not exceed total atom number n, as it can at strong coupling within straight Bogoliubov theory), we solve the Heisenberg equations of motion for the finite momentum quasiparticles using time-dependent Bogoliubov Hamiltonian, where n c (t) appears as a self-consistently determined function. This approximation is the bosonic analog of the self-consistently determined BCS gap function in fermionic systems [9, 10] and for a uniform state is equivalent to solving the Gross-Pitaevskii equation for the condensate Φ 0 in conjunction with Heisenberg equations for the finite momentum excitations a k . Our second "beyond-Bogoliubov" approximation is the replacement of the scattering length a f by the density dependent
This qualitatively captures the crossover from the twoatom regime, a f n −1/3 to a finite density limit, when a f reaches inter-particle spacing and the scattering amplitude saturates at ∼ k −1 F . While the details of the crossover function are ad hock, our qualitative predictions are insensitive to these details and depend on the limiting values of the two regimes.
After the a 0 → a f quench the atomic resonant gas with a free dispersion k = k 2 /2m is governed by a single-channel bosonic Hamiltonian
k1,k2,q a † k1 a † −k1+q a k2 a −k2+q , with the final interaction parameter, g f and corresponding scattering length, a f , tunable via a magnetic field near a Feshbach resonance. Motivated by the experiments [1] , we focus on the initial states and their subsequent evolution, that, although possibly strongly depleted and time-dependent, are confined to a well-established condensate (focusing for simplicity on periodic boundary conditions without a trap). This allows us to make progress in treating the resonant interactions, by expanding in finite-momentum quasi-particle fluctuations about a macroscopically occupied k = 0 state, and thereby to reduce the Hamiltonian to the quadratic form,
where
with a new ingredient that the time-dependent condensate density is self-consistently determined by n c (t
− in the initial, pre-quench state |0
− at t = 0 − . Focussing on zero temperature, we take state |0 − to be the vacuum with respect to the quasi-particles α k , that diagonalize the initial Hamiltonian,
, characterized by a pre-quench scattering length, a 0 .
The corresponding Heisenberg equation of motion
, that diagonalize the Hamiltonian at the initial time
For a given condensate density n c (t) the solution for the evolution operator U (t) can be found exactly [20] and for a slowly evolving n c (t) is well approximated by an instantaneous Bogoliubov transformation for H B f (t),
and E k (t) = 2 k + 2g f n c (t) k . Using this and the relation of the atomic operators at the initial time to preand post-quench Bogoliubov operators
we have
We can now compute arbitrary dynamic atomic correlators, such as the structure function, the RF spectroscopy signal, and the momentum distribution function in terms of these time-dependent matrices [20] . Focusing on the momentum distribution function (measured in the JILA experiments [1] ), we find
We close this equation by using it to self-consistently compute the time-dependent condensate density n c (t) = n − 1/V k n k (t) ≡ n − n d (t). We solve numerically the corresponding equation forn c (t)
with the solution for n d (t) illustrated in Fig.3 . In the from the inset of Fig.2 , the long-time momentum distribution function n ∞ k exhibits a large momentum 1/k 4 tail, n ∞ k→∞ = C/k 4 . We find that the corresponding nonequilibrium contact, C [21, 22] is given by
and is illustrated in Fig.5 . Finally, we observe that our long-time solution n ∞ c of Eq.11 monotonically decreases with k F a f , vanishing at the critical quench value of k F a f c = 1.35. This suggests [19] that such deep quenches excite the zerotemperature Bose gas to high enough energies, E exc , so as to fully deplete the condensate and to drive a nonequilibrium transition to a non-BEC state. This is not an unreasonable nonequilibrium counterpart of a thermal BEC-to-normal gas transition.
